The Tuvatu gold-silver telluride deposit with reserves of 13 t Au is the second largest gold deposit in Fiji after the large Emperor gold telluride deposit (production, and proven and probable reserves of 280 t Au). The deposits are 50 km apart and occur along the >250-km east-northeast-trending Viti Levu lineament. They are spatially associated with alkaline rocks of almost identical age (~5.4-4.6 Ma) and having a shoshonitic affinity. The gold mineralization in both deposits is spatially and genetically related to monzonite intrusions and to a low-grade porphyry copper-style system. The Emperor deposit occurs along the margins of the Tavua volcano whereas the Tuvatu deposit may occur adjacent to an eroded shoshonite volcano. At both locations, low-sulfidation, epithermal gold telluride mineralization occurs in flat-lying veins, steep faults, shatter zones, stockworks, and hydrothermal breccias. Mineralization in both deposits formed in multiple stages and is characterized by the presence of quartz-roscoelite telluride veins in which gold-rich tellurides were deposited prior to silver-rich tellurides. Gold tellurides and vanadium minerals were deposited at approximately 250°C from moderately saline fluids. Oxygen and hydrogen isotope compositions of ore fluids at Emperor and Tuvatu are similar to the composition of waters exsolved from arc magmas. Previously published values of δ 34 S of sulfides (-20.3 to +3.9‰) from Emperor are like those obtained from the Tuvatu deposit (-15.3 to -3.2‰) and indicate, along with mineral assemblages, that the ore fluids were oxidizing and near the hematite-pyrite buffer.
Introduction
THE TUVATU ore system is one of the three largest gold systems in Fiji, the other two are the Emperor (Ahmad et al., 1987; Begg, 1996) and Mt. Kasi (Turner, 1986) deposits. All three are late Miocene-early Pliocene alkaline igneous rockrelated gold systems spatially associated with the >250-km northeast-trending Viti Levu lineament. The Tuvatu gold deposit is located in western Viti Levu, Fiji, 50 km southwest of the Emperor gold deposit. Both deposits are owned by Emperor Gold Mining Company and production at the Emperor deposit has occurred intermittently since the early 1930s. The Emperor deposit contains approximately 280 t Au (production and reserves), whereas the Tuvatu deposit contains reserves of about 13 t Au. Both deposits have gold grades of about 9 g/t and contain precious metal tellurides.
A clear genetic relationship among porphyry copper-style mineralization, epithermal low-sulfidation gold telluride mineralization and alkaline igneous rocks of the Tavua volcano at the Emperor deposit was demonstrated by Ahmad et al. (1987) , Setterfield et al. (1991 Setterfield et al. ( , 1992 , Eaton and Setterfield (1993) , Begg (1996) , and Begg et al. (1997) . Ahmad et al. (1987) , , and recognized eight stages of hydrothermal mineralization with auriferous pyrite and tellurides forming in at least two stages in flat-lying veins (so-called "flatmakes"), steep structures, breccias, shatter zones, and stockworks. Fluid inclusion and stable isotope studies by Ahmad et al. (1987) and Begg (1996) have shown the involvement of magmatic fluids in the Emperor deposit.
This study describes the petrology, mineralogy, paragenesis, stable isotope geochemistry, and fluid inclusion characteristics of the Tuvatu deposit and compares them with previously described characteristics of the Emperor deposit. A genetic model for the Tuvatu deposit is proposed that incorporates the formation of porphyry-and epithermal-style mineralization spatially and genetically associated with alkaline magmatism.
Regional Geologic Setting
Fiji is comprised of two large islands, Viti Levu and Vanua Levu, and approximately 300 smaller islands. Together they are positioned on a prominent offset of the convergent boundary between the Pacific and Indo-Australian tectonic plates. Fiji is presently a remnant oceanic arc that developed during the Tertiary (Gill et al., 1984) . From the middle Mesozoic to late Miocene, active subduction of the Pacific plate beneath the Indo-Australian plate occurred along the Vitiaz trench (Fig. 1) . Collisions of the Ontong-Java Plateau into the Solomon Islands and the Melanesian Border Plateau into the eastern portion of the Vitiaz trench stopped subduction along the Vitiaz trench and led to a reversal of arc polarity north of Fiji along the Vanuatu segment of the arc possibly as early as 8 Ma (Hamburger and Isacks, 1988; Gill and Whelan, 1989; Begg and Gray, 2002) . A new trench (Vanuatu trench) was established on the western side of the Vanuatu arc, making the Vitiaz arc an inactive, relict trench. Between 8 and 5.5 Ma, an arc north of Fiji fragmented to form a transverse rift. Sometime later, the Fiji platform, comprising the present-day Fiji Islands, underwent counterclockwise rotation.
The east-northeast-trending Fiji fracture zone and the northeast-trending Hunter fracture zone are presently active, major left-lateral transform zones. The Fiji fracture zone defines the northern boundary of the Fiji platform and the southern boundary of the Pacific plate. The Hunter fracture zone is a fossil subduction zone where the South Fiji basin crust was formerly subducted beneath Fiji. Fracture zones subparallel to the Fiji fracture zone are the Viti Levu lineament, which runs along the northernmost portion of Viti Levu, and the Vatulele-Beqa lineament, which occurs along the edge of the Fiji platform just south of Viti Levu. These fracture zones have controlled the distribution of late Miocene to early Pliocene volcanic centers on the Fiji platform (Gill and Whelan, 1989) .
The oldest rocks in Fiji are the upper Eocene to lower Oligocene (35-40 Ma) Yavanu Group, which are composed of extrusive and intrusive tholeiitic rocks, a trondjhemitic stock, a tonalite (Yavuna) stock, and minor volcaniclastic rocks and limestone. From middle to late Miocene (7-12.5 Ma), the Colo orogeny created large-scale faulting and folding of the upper Oligocene to middle Miocene (13-32 Ma) Wainimala Group along with the emplacement of the plutonic suite of gabbro and minor tonalite intrusions (Begg, 1996; Begg and Gray, 2002) . At the end of the Colo orogeny, Viti Levu underwent a period of widespread and voluminous volcanism from 6.5 to 2.5 Ma (Colley and Flint, 1995) . Magmatic compositions changed from island-arc tholeiite and calc-alkaline andesite to shoshonite at ~5.5 Ma (Gill and Whelan, 1989) .
During the early Pliocene, the prominent Tavua and Rakiraki volcanoes, composed of shoshonite and high K calc-alkaline volcanic rocks, were erupted (Colley and Flint, 1995) . The Koroimavua Group occurs to the northeast of Nadi and consists of basal shoshonitic volcaniclastic sandstone and mudstone overlain by the Sabeto Volcanics, which include shoshonitic lava, breccia, rudite, and sandstone (Begg, 1996) . The Ba Volcanic Group dominates the northern half of Viti Levu and is composed of shoshonites and, to a lesser extent, calc-alkaline volcanic rocks. The Tavua volcano, the largest in Fiji, is a main feature of the Ba Volcanic Group and hosts the Emperor gold deposit. Both the Koroimavua and Ba Groups occur along the east-northeast-trending axis defining the Viti Levu lineament and appear to be contemporaneous (Fig. 2) .
Geology of the Tuvatu Area
The oldest geologic unit in the Tuvatu area is the 12 to 26 Ma Nadele Breccia, which is a member of the Wainimala Group (Fig. 3) . It constitutes approximately 60 percent of the 1-km 2 deposit area and consists of andesitic to basaltic reworked, polymict volcanic breccias, pillow lavas, and sedimentary rocks. The polymict volcanic breccias appear to be the dominant unit of the Nadele Breccia (A-Izzeddin, 1998) . Thin layers of volcanic sandstone and siltstone are commonly interbedded with the breccias and can exhibit crossbedding. identified zeolite, chlorite, and epidote within the groundmass of the Nadele Breccia, which formed in response to the low-grade metamorphism during the Colo orogeny. The Wainimala Group is unconformably overlain by members of the Sabeto Volcanics, the basal unit of the Koroimavua Volcanic Group, which, according to , consists of augite-biotite flows and breccia with a basal sequence of andesitic and dacitic lithic and crystal tuffs, grits, and agglomerates with minor flows. K-Ar dating of the Sabeto Volcanics by McDougall (1963) yielded an age of 5.4 ± 0.1 Ma. These volcanic rocks constitute roughly 10 to 15 percent of the topographic high zone along the eastern margin of the deposit area . The Nadele Breccia was intruded by the 4.9 ± 0.1 Ma Navilawa Monzonite, which McDougall (1963) interpreted to be the intrusive equivalent of the Sabeto Volcanics. The Navilawa Monzonite consists of multiple phases, including an early fine-grained micromonzonite, a medium-grained monzonite, basaltic-andesite dikes, and late-stage pegmatitic dikes (AIzzeddin, 1998). The medium-grained monzonite (hereafter referred to as "monzonite") is surrounded by an envelope of micromonzonite and contains inclusions of micromonzonite. Together, the micromonzonite and monzonite have an elliptical shape with a northeast-southwest axis 3 km long and 2 km wide (Fig. 3) . Porphyry copper-style mineralization occurs at the center of the Navilawa Monzonite near the transition zone between micromonzonite and monzonite at the Kingston prospect, 1.8 km north of the Tuvatu deposit (Colley and Flint, 1995) . Faults in the Tuvatu area strike north to northeast and northeast to southeast with near-vertical dips; however, in places, they dip shallowly to the west. Some of these shallow-dipping structures host epithermal gold mineralization near the margin of the Navilawa Monzonite (Fig. 4) .
Sampling and Analytical Methods
Major and trace element analyses were obtained from 20 drill core samples of micromonzonite (n = 4) and monzonite (n = 10) from the Navilawa Monzonite suite and basaltic-andesite dikes (n = 6), which intrude the Navilawa Monzonite (Tables 1, 2 ). Major elements (SiO 2 , Al 2 O 3 , Fe 2 O 3 , CaO, MgO, Na 2 O, K 2 O, MnO, TiO 2 , P 2 O 5 , Cr 2 O 3 , LOI) were determined by LiBO 2 fusion and measured by ICP-AES techniques, C and S by LECO analysis, and trace elements (As, Ba, Bi, Cd, Co, Cs, Cu, Ga, Hf, Mo, Nb, Ni, Pb, Rb, Sb, Sc, Sn, Sr, Ta, Te, Th, Tl, U, V, W, Y, Zn, Zr), including 14 rare earth elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) , were obtained by LiBO 2 fusion and measured by ICP-MS techniques by Acme Analytical Laboratories. Standards used by Acme Analytical Laboratories were accurate to within ±5 ppm for the trace elements and to within ±2 percent for major elements. Base metal compositions were obtained by dissolving the samples in aqua regia and analyzing them with an ICP-AES, whereas high precision Au and Ag determinations were done by a classical lead-collection fire assay technique. Dore bead is parted in nitric acid and the precious metal flake is either weighed (gravimetric finish) or digested by addition of hydrochloric acid for analysis by ICP-AES.
Electron microprobe analyses of minerals in the Navilawa Monzonite and the attendant porphyry-and epithermal-style mineralization in the Tuvatu area were obtained with an ARL-SEMQ electron microprobe at Iowa State University. These data are tabulated in Scherbarth (2002) . Details of the standards used, the data-reduction procedure, and the operating conditions are given in Scherbarth (2002) and .
Gold, As, and Te contents of pyrite from the Tuvatu deposit were obtained using a Cameca IMS-3f ion microprobe (SIMS) at the Advanced Mineral Technology Laboratory (AMTEL), London, Ontario. Minimum detection limits (2σ) of 150, 500, and 300 ppb were obtained for Au, As, and Te, respectively. Operating conditions of the ion microprobe and details of analysis are given in .
Petrochemistry of Igneous Rocks from Tuvatu
The micromonzonite phase of the Navilawa Monzonite contains phenocrysts of approximately equal amounts of euhedral to subhedral orthoclase and plagioclase, along with pyroxene, amphibole, magnetite, and biotite in a matrix of lathlike zoned plagioclase that has been altered to white mica Fig. 5A) . Lesser amounts of subhedral orthoclase, plagioclase, diopside, hornblende, biotite, apatite, and magnetite (Fig. 5B ) also occur in the groundmass. The coarse-grained monzonite contains less plagioclase but more biotite, the latter occurring as books of biotite displaying a miarolitic texture. The groundmass of basaltic-andesite dikes is primarily composed of fine-grained plagioclase laths with lesser amounts of clinopyroxene, olivine, magnetite, and pyrite (Fig. 5C ).
The majority of the igneous rocks from the Tuvatu deposit are unaltered to weakly altered; the least altered samples were chosen in this study. Monzonite and micromonzonite contain between 46.8 to 52.4 wt percent SiO2, and 4.6 to 9.9 0361-0128/98/000/000-00 $6.00 wt percent Na2O + K2O where K2O >Na2O (Table 1 ). The basaltic-andesite dikes contain 50.0 to 52.8 wt percent SiO2 and 3.5 to 7.9 wt percent Na2O + K2O where K2O <Na2O (excluding sample 99TV77). Based on the total alkali-silica diagram of Le Bas et al. (1986) , samples of monzonite and micromonzonite from and from this study fall entirely within the alkaline field defined by Miyashiro (1978) and are chemically equivalent to volcanic rocks consisting of trachybasalts, basaltic trachyandesites, tephrites and/or basanites, phonotephrite, and tephriphonolite (Fig. 6 ). The basaltic-andesite dikes plot within the subalkaline field (with the exception of samples 99TV51 and 99TV81) and, based on total alkali-silica content, they consist of basalt, basaltic-andesite, trachybasalt, and phonotephrite (Fig. 6) . Although data for the Nadele Breccia from are included in Figure 6 , samples of this rock type were not analyzed in the present study because they contain a variety of rock fragments with a wide range of chemical compositions.
Monzonite and micromonzonite exhibit moderate negative correlations between SiO2 and Fe2O3 (r 2 = 0.58), CaO (r 2 = 0.64), and TiO2 (r 2 = 0.65) concentrations. These negative correlations suggest that monzonite and micromonzonite are textural variants and were probably comagmatic. Decreasing Mg values [Mg/(Mg + Fe 2+ ), where Fe 2+ = 0.85(Fetotal)] of 0.56 to 0.44 from micromonzonite to monzonite are consistent with an evolving differentiated magma. These correlations, along with a pronounced calc-alkaline trend (Fig. 7) , reflect the early fractionation of ferromagnesian silicates and oxides and the later fractionation of plagioclase, orthoclase, and biotite.
The Navilawa Monzonite contains <53 wt percent SiO2 and has low Na2O/K2O ratios (0.4-0.9), low TiO2 (0.5-0.8 wt %), Rb/Zr ratios >1, and Hf/Zr ratios <1, all of which reflect shoshonitic compositions. The shoshonitic affinity of these rocks is consistent with the oblique plate convergence wherein successively younger igneous rocks become more K 140 SCHERBARTH AND SPRY 0361-0128/98/000/000-00 $6.00 140 (D-J) . A. Typical micromonzonite consisting of a matrix of lathlike zoned plagioclase with clinopyroxene (cpx) phenocrysts. B. Weakly altered monzonite consisting of hornblende (hbl) and phlogopite (phl) within coarsegrained plagioclase (pl). C. Basaltic-andesite dominated by zoned plagioclase. The opaque minerals in (A), (B), and (C) are mainly magnetite with minor pyrite. D. Pyrite (py) along the octahedral cleavage of magnetite (mt) and in the embayed ends of phlogopite (phl) in the Tuvatu lode. E. Zoned phlogopite in chlorite (chl)-quartz (qtz) vein in the Murau 1 lode. The light zones represent areas of high Mg and F content whereas dark zones represent areas of high Fe-Ti content. F. Native gold (G) and bladed pyrite that was subsequently filled with marcasite (mc) in a quartz (qtz)-roscoelite vein in the Nasivi SKL lode. G. Anhedral tennantite (t) grain with inclusions of chalcopyrite (cp) and calaverite (cal) in quartz (qtz) in the Nasivi SKL lode. H. Euhedral galena (gn) with inclusions of petzite (pet), hessite (hess), sylvanite (syl), and stützite (stut) in the UR5 lode; galena is in contact with sphalerite (sp). I. Galena (gn) associated with altaite (a) and native gold (G) in the URW3 lode. J. Coloradoite (co) with native gold and coexisting with calaverite (cal) and petzite (pet) in roscoelite in the Upper Ridges lode. Bas et al. (1986) for the Navilawa Monzonite, basaltic-andesite dikes, Nadele Breccia, and Sabeto Volcanics. The alkalic-subalkalic line is defined by Miyashiro (1978) . Abbreviations: bta = basaltic-trachyandesite, tb = trachybasalt. 1 Data obtained from rich due to steepening of the Benioff zone through time (Morrison, 1980) . Using the Ti-Zr-Y discrimination plot of Pearce and Cann (1973) , monzonite, micromonzonite, and basaltic-andesite dikes plot within the volcanic arc and/or mid-ocean ridge basalt field, suggesting that they are all arc related (Fig. 8 ). This hypothesis is also supported by rare earth element (REE) patterns and spider diagrams. The chondrite-normalized REE patterns of the monzonite and micromonzonite show enrichment in the light REE, depletion in the heavy REE, and no Eu anomalies (Fig. 9) . La/Yb ratios show only a small variation (3.7-4.3). The shape of the REE patterns for the Navilawa Monzonite is similar to that of other alkalic rocks from Fiji (Morrison, 1980) and those adjacent to the Porgera gold deposit, Papua New Guinea (Richards, 1990) . In contrast, basaltic-andesite dikes have flat REE patterns and weakly negative Eu anomalies. A spider diagram of trace element data for micromonzonite, monzonite, and basaltic-andesite (Fig. 10 ) is consistent with an island-arc source due to the pronounced negative Nb anomaly with respect to Th and Ce, the depletion of other high field strength elements (Ta, Zr, Hf, and Ti), and K enrichment accompanied by high concentrations of Sr (881-1,792 ppm), Ba (424-776 ppm), and to a lesser extent, Rb (64-102 ppm). The chemistry of the basaltic-andesite dikes also indicates an island-arc source due to the depletion of Nb with respect to Ce. The difference in chemical composition between basaltic-andesite dikes and monzonite at Tuvatu suggests that they were not derived from the same magma. The shape of the patterns in Figure 10 is typical of other Fijian shoshonitic rocks (e.g., Gill and Whelan, 1989) and mimics that of shoshonitic lavas from the Tavua volcano which hosts the Emperor deposit (Rogers and Setterfield, 1994; fig. 3a, b) .
Precious Metal Mineralization of the Tuvatu Deposit
The structure, alteration, and mineralogy of the Tuvatu lodes are described in and Scherbarth (2002) , but a summary is provided here. There is an intimate link at Tuvatu between local and regional structures, the emplacement of the Navilawa Monzonite, the development of the veins, and the deposition of mineralization during two deformational events (D1 and D 2 ; A-Izzedin, 1998). The development of vein structures within the Navilawa Monzonite and the reactivation of preexisting structures during the upper Miocene and Pliocene were related to the reversal of the subduction zone northwest of Fiji, in concert with movement along the Viti Levu lineament. The earliest structure at Tuvatu is the 50-m wide, east-west-trending (D 1 ) brecciated Core Shed fault zone, which dips steeply to the south (Fig. 4) . The development of north-trending Nasivi lodes, north-to northeast-trending Upper Ridges lodes, northwest-trending subvertical fault structures (e.g., Carbonate Breccia CABX reverse fault), and subhorizontal Murau and SKL flatmakes formed during an episode of north-south compressions (D 2 ). A-Izzeddin (1998) suggested that D 2 structures subsequently acted as pathways for mineralizing fluids and were the main sites of ore deposition. Brecciation of the veins indicates that these structures were active while mineral deposition occurred or were reactivated intermittently.
Porphyry-style copper mineralization occurs in the northern part of the deposit in the northwest-to southeast-trending H and Tuvatu lodes, which are 5 to 40 m wide and dip moderately to the northeast. The Tuvatu lode is characterized by potassic alteration of the wall rock consisting of coarsegrained apatite, orthoclase, magnetite, pyrite, chalcopyrite (Fig. 5D) , and optically and compositionally zoned biotite (Fig. 5E ). In the H lode, epithermal gold veins locally crosscut porphyry copper-style mineralization. In contrast to the Tuvatu lode, where magnetite is very common, magnetite occurs in trace quantities in the H lode. Other differences between the Tuvatu and H lodes include a marked decrease in grain size of the ore minerals in the H lode and the presence Pearce and Cann (1973) , where A = low K tholeiite (LKT), B = ocean floor basalt (OFB) and/or LKT/calc-alkali basalt (CAB), C = calc-alkali basalt, D = within-plate basalt. LKT and CAB form in volcanics arcs, OFB forms at mid-ocean ridges, and WPB are ocean island or continental basalts.
FIG. 9. Chondrite-normalized REE patterns of the Navilawa Monzonite and basaltic-andesite dikes from the Tuvatu prospect. Normalization values are from Anders and Grevasse (1989) and multiplied by 1.36 to maintain consistency with the chondrite normalization values of Korotev (1996) .
FIG. 10. Mantle-normalized trace element patterns for the Navilawa Monzonite and basaltic-andesite dikes from the Tuvatu prospect. Data from the Tavua shoshonites and monzonites are from Rogers and Setterfield (1994) . Normalization values are from Sun and McDonough (1989) . of trace amounts of native gold, calaverite, petzite, and tennantite. Although these two lodes are overprinted by goldbearing epithermal-style veins and associated propylitic and phyllic alteration, most gold occurs in epithermal-style veins unrelated to porphyry-style mineralization in the Navilawa Monzonite, basaltic-andesite dikes and, to a lesser extent, the Nadele Breccia.
Epithermal gold mineralization was deposited in three lode types, "steep-dipping veins" striking northeast (e.g., Nasivi and Upper Ridges lodes), shallowly dipping veins (<45°) or flatmakes representing reactivated oblique thrust faults (e.g., Murau lode), and irregular brecciated bodies or shatter zones (e.g., SKL lode) that occur at the intersection of the other two lode types (Fig. 4) . Each lode consists of up to nine individual flatmakes (e.g., SKL) or vertical veins (e.g., Upper Ridges) that are generally no more than 1 m wide. In most places, alteration zones are narrow and do not extend more than 1 m into the wall rocks. Individual veins contain between 2 and 100 g/t Au, with the Upper Ridges veins containing the highest grades (5-100 g/t Au). Most veins are silicified and include base metal sulfides (pyrite, chalcopyrite, sphalerite, and galena), native gold and/or electrum (fineness of 714-984, n = 17), tellurides, and gangue minerals (quartz, chalcedony, sericite, adularia, and roscoelite). Medium-grained cockade and fine-grained banded quartz in the veins is intergrown with or replaced by chalcedony. Adularia and white mica occur within the medium-to fine-grained quartz. Roscoelite, contains up to 32.71 wt percent V 2 O 3 , among the highest reported vanadium values in roscoelite from an epithermal AuAg-Te deposit. This mineral is found between quartz grains and chalcedony where it rims native gold and occurs in contact with pyrite, tennantite, and tellurides, especially calaverite. Trace amounts of karelianite (V 2 O 3 ), Ti-free nolanite [(V,Fe,Ti,Al) (Spry and Scherbarth, 2002) .
Other epithermal gold veins in the Tuvatu area (Fig. 4) include the Plant Site lode, otherwise referred to as the West lode, located west of the other vein systems. This area includes three east-west-trending lodes (WEST1, WEST2, and WEST3), one northwest-southeast lode (WEST4) that cuts across the other three lodes, and the distal Nubunidike and Davui lodes, located north of the adit entrance (Fig. 3) . The Nubunidike and Davui veins are similar in style and comprise quartz veins up to several centimeters in width containing sphalerite as the dominant sulfide with lesser pyrite and chalcopyrite.
The age of the Tuvatu mineralization is unknown. McDougall (1963) reported a K-Ar age of 4.9 ± 0.1 Ma for biotite from the Navilawa Monzonite that is slightly older than a UTh-He age of 3.5 ± 0.1 Ma from coarse apatite crystals in the Tuvatu lode (B. I. A. McInnes, writ. commun., 2002) . The younger date is the age of apatite as it cooled to its lower closure temperature of 68°± 5°C (e.g., Wolf et al., 1996) . An age of 3.89 ± 0.05 Ma, using 40 Ar/ 39 Ar techniques, for porphyryand epithermal-style mineralization at the Emperor deposit has been reported by Begg (1996) and Begg and Gray (2002) .
Paragenetic sequence, vein mineralization, and alteration styles
A five-stage paragenetic sequence of mineralization (Fig.  11) is proposed based on reflected and transmitted light microscope and electron microprobe studies of 244 polished and doubly polished thin sections, together with structural studies, crosscutting relationships between minerals, and etching of pyrite with 1:1 HCl-KMnO 4 to map zones of arsenic distribution. This paragenetic sequence also incorporates preliminary mineralogical observations of and Ashley and Andrew (1989) . The five stages consist of a late magmatic event (stage 1) followed by three primary hydrothermal alteration stages in the wall rocks (potassic, propylitic, phyllic; stages 2-4), and a late supergene or postmineralization stage (stage 5). The mineralogy of samples in individual lodes is reported in Scherbarth (2002) .
The spatial disposition between epithermal veins and alteration is shown schematically in Figure 12 . Photographs of phyllic and potassic alteration are shown in Figure 12A and B, respectively. Coarse apatite along with albite, biotite, orthoclase, and pyrite occur in stage I veins and also as a slightly finer grained alteration assemblage up to several meters away from the veins. The presence of apatite in this stage appears to be linked to the magmatic event as monzonite and micromonzonite both contain magmatic apatite. Stage 2 potassic alteration has a pegmatitic appearance characterized by coarse orthoclase, biotite, magnetite, chalcopyrite, and pyrite (Fig. 12B) . These minerals most commonly occur as a replacement of early stage I alteration. Localized occurrences of stage 3 propylitic alteration in the wall rocks overprint stage 2 alteration or occur outboard of stage 2 alteration, to a distance of a few centimeters. Epidote, chlorite, muscovite, quartz, pyrite, chalcopyrite, and minor smectite characterize stage 3 alteration. The most important gold-bearing event was coincident with the stage 4 phyllic alteration, which overprints stages 1 to 3. Native gold and electrum are spatially associated with base metal sulfides (galena and sphalerite), tennantite, and tellurides, which occur in the veins up to 4 cm wide along with quartz, chalcedony, calcite, minor sericite, and V-bearing minerals (including roscoelite). Fine-grained silicification, carbonate, and sericite give a bleached zone around stage 4 veins. However, it should be noted that there is commonly a selvage of adularia (up to a few millimeters wide) around the veins that separates the vein from the bleached zone (Fig. 12A) . Pyrite is also found in the alteration zone surrounding veins.
Pyrite
Pyrite is by far the most abundant sulfide in the Tuvatu deposit and is the major host of native gold, tellurides, and invisible gold in arsenic-bearing varieties. Pyrite of varying textures occurs almost continuously throughout the five stages of the alteration and vein-filling sequence. In stages 1 and 2, pyrite formed as fine-grained (<0.2 mm) disseminated pyritohedrons and as interstitial subhedral to anhedral smooth and pitted grains (0.15-5 mm in length) between biotite and orthoclase and replacing magnetite. These same pyrite textures are also observed in stage 3 where pyrite encloses muscovite and chlorite. In stage 4, brecciated pyrite (0.8-2.4 mm) formed in carbonate veins, whereas cubic to pyritohedral pyrite (individual grains <0.2 mm and masses up to 3 mm in length) formed in coarse-to medium-grained quartz (≤0.3 mm) veins, and the interstices were filled by chalcopyrite, native gold, or tennantite. Single blades, flakes, and masses of bladed pyrite formed within medium-to fine-grained quartz, chalcedony, and roscoelite (Fig. 5F ). These plates and/or masses (0.2-2 mm) were subsequently filled with marcasite and rimmed by arsenopyrite, which contains native gold or electrum.
In view of the presence of up to 11,100 ppm Au, 5,800 ppm Te, and up to 16.6 wt percent As in pyrite from the nearby Emperor deposit and the fact that invisible gold constitutes between 47 and 92 percent of the gold budget in the deposit , a preliminary study of the invisible gold content of pyrite at Tuvatu was undertaken. Prior to undertaking secondary ion microprobe spectrometry (SIMS) analyses, 95 electron microprobe analyses of pyrite were obtained from 22 different samples (Scherbarth, 2002) . Arsenic concentrations in pyrite range from <0.01 to 11.06 wt percent As, with 18 grains containing >0.5 wt percent As (Table 3 ; Scherbarth, 2002) . The highest concentrations of arsenic were recorded in stage 4 pyrite. Twelve SIMS analyses for Au, As, and Te were obtained on three samples and showed that coarse anhedral grains of stage 2 pyrite contained no detectable amounts of As, up to 0.45 ppm Au, and up to 2.71 ppm Te (Table 4) . Subhedral to euhedral fine-grained masses of stage 4 pyrite contain up to 143 ppm Au, 296 ppm Te, and 0.21 wt percent As, and porous stage 4 pyrite contains 51 ppm Au, 57.90 ppm Te, and 1.27 wt percent As. Although there are insufficient SIMS data to determine the relative contribution of invisible gold to the overall gold budget of the Tuvatu deposit, they indicate that the invisible gold content of pyrite, which exhibits the same textural variants as those observed in the Emperor deposit, could be a significant contributor and that further analyses need to be obtained.
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147 0361-0128/98/000/000-00 $6.00 147 FIG. 12 . Schematic illustration of a generalized epithermal vein and associated alteration zonation. Note that stages 3 and 4 occur outboard of the epithermal vein and are superimposed on stages 1 and 2. All four stages do not always occur near a given epithermal vein. A. Fine-grained quartz vein (indicated with arrows) that contains sphalerite and galena. This vein is immediately surrounded by stage 4 adularia that commonly occurs on the margins of epithermal veins. The host rock is micromonzonite. B. Coarse-grained, stage 2, potassic alteration showing coarse-grained apatite, biotite, magnetite, orthoclase, pyrite, and chalcopyrite. Abbreviations: ab = albite, bt = biotite, cal = calaverite, ccp = chalcopyrite, chl = chlorite, ep = epidote, gn = galena, mag = magnetite, ms = muscovite, or = orthoclase, py = pyrite, qtz = quartz, rsc = roscoelite, sp = sphalerite. 
Tellurides
Tellurides are abundant in the epithermal veins and include calaverite (Fig. 5G) , petzite, sylvanite, hessite, stützite (Fig.  5H) , altaite (Fig. 5I) , and coloradoite (Fig. 5J) . The most common precious metal tellurides are calaverite followed by petzite, whereas altaite is the most abundant telluride in the deposit. Tellurides are either intergrown or occur as inclusions in pyrite, zincian tennantite, and galena (up to 7.9 wt % Se). Representative compositions of tellurides and coexisting sulfides and sulfosalts are given in Table 3 . Altaite contains up to 2.04 wt percent Se and up to 0.63 wt percent Bi. Coexisting phases in the system Au-Ag-Te from the phyllic stage are shown in Figure 13 and all telluride and native gold assemblages are listed in the caption for Figure 13 .
Fluid Inclusion Study
Fluid inclusion microthermometric data were obtained from stage 1 apatite, stage 2 orthoclase, stage 3 quartz, and stage 4 sphalerite, adularia, and calcite. Fluid inclusions were also examined in fluorite of unknown paragenesis. In general, fluid inclusions occur individually or as randomly oriented clusters and are considered to be primary in origin. They possess well-defined negative crystal, elongate (needlelike), or irregular shapes and range in size from 1 to 150 µm in length. Four types of fluid inclusions were recognized: type 1, aqueous liquid-vapor inclusions (10-30% vapor); type 2, aqueous liquid-vapor inclusions (70-80% vapor); type 3, two-or threephase liquid-vapor inclusions with up to six daughter crystals; and type 4, single-phase liquid or vapor inclusions. There is no visible evidence for immiscible CO 2 in any inclusion, but rare type 3 inclusions contain a second colorless liquid at room temperature that turns yellow upon heating above about 200°C. Ashley and Andrew (1989) also reported the appearance of this yellow liquid upon heating, which they interpreted to be a liquid hydrocarbon.
Two distinct fluid inclusion assemblages (FIA) can be recognized: FIA-1 is composed of types 1 to 4 inclusions in stage 1 apatite, stage 2 orthoclase, and stage 3 quartz; FIA-2 consists of types 1 and 4 inclusions in stage 4 sphalerite and adularia, as well as in localized areas in stage 3 quartz (Fig. 14A-E) . Type 1 secondary fluid inclusions, <15 µm in length, occur along healed fractures that cut across grain boundaries whereas pseudosecondary fluid inclusions, which are less abundant than primary or secondary inclusions, formed only along healed fractures completely within grains. Fluorite contains type 3 fluid inclusions with up to five daughter crystals. The identity of all the daughter crystals in type 3 fluid inclusions is unknown, but they include halite, sylvite, anhydrite, hematite, and possible chalcopyrite.
The results of heating and freezing measurements of primary and secondary fluid inclusions are listed in Table 5 . Coexisting type 1 and 2 fluid inclusions in stage 3 quartz (FIA-1) have variable liquid to vapor ratios and homogenize at similar temperatures, suggesting phase separation. The presence of similar inclusions of FIA-1 in stage 1 apatite and stage 2 orthoclase suggests that phase separation may have occurred during these stages. The absence of type 2 and 3 inclusions in stage 4 minerals suggests that boiling did not occur during the gold-bearing stage. Fluid inclusions in stage 4 quartz and chalcedony are <1 µm in length and unsuitable for microthermometric studies.
The heating and freezing data show that the composition and temperature of the ore-forming fluid changed progressively through the paragenesis (Fig. 15) . Stage 1, late-magmatic, hypersaline liquids (>50 wt % NaCl equiv), had a wide range of temperatures with fluid inclusion homogenization temperatures ranging from 276°to >500°C (most >450°C) and giving way to lower temperatures (~310°C) and variably saline fluid (5 to >40 wt % NaCl equiv) associated with stage 2 potassic alteration. Traces of the unidentified liquid hydrocarbon were present during stage 2. Phase separation accompanied stage 3 propylitic alteration along with a further reduction in the temperature of the ore fluids to ~300°C and a decrease in salinity to between 1 and 10 wt percent NaCl equiv (Fig. 15) . Two inclusions in stage 3 quartz had salinities of up to 37 wt percent NaCl equiv and also contained liquid hydrocarbon. Further cooling took place at the onset of stage 4, accompanied by the deposition of base metals and precious metal tellurides from a nonboiling, moderately saline fluid (~8 wt % NaCl equiv) between about 80°and 330°C (mean = 257°C).
Eutectic temperatures (T e ) for type 1 fluid inclusions were often difficult to measure, but in apatite and feldspar they range from -50º to -21ºC suggesting that these fluids contain a high proportion of CaCl 2 in addition to other salts such as NaCl, KCl, and MgCl 2 (Table 5) . A similar range of T e (-50º : Cabri, 1965) . Tie lines connect coexisting minerals found at Tuvatu. Apart from isolated grains of native gold and tellurides, the following telluride and precious metal contact assemblages were observed: calaverite-native gold, calaverite-coloradoite, calaverite-coloradoite-native gold, calaverite-coloradoite-native gold-altaite, calaverite-petzite-native gold, calaverite-petzite, petzite-native gold, petzite-sylvanite-hessite, petzite-sylvanite, petzite-sylvanite-stützite, petzite-hessite-altaite, petzite-altaite, hessite-petzite-native gold, electrum-hessite, hessite-petzite, altaitenative gold, altaite-hessite, and coloradoite-native gold. Abbreviations: Cal = calaverite, Hess = hessite, Kre = krennerite, Pet = petzite, Stut = stützite, Syl = sylvanite. 
FIG. 15. Homogenization temperatures vs. salinities of primary (p), pseudosecondary (ps)
, and secondary (s) type 1 and 3 fluid inclusions from the porphyry and epithermal stage minerals. The arrows depict samples that had not completely homogenized or dissolved. The data are consistent with cooling and dilution from the porphyry to the epithermal stage. Note that two type 3 fluid inclusions in quartz lie above the NaCl saturation curve of Sterner et al. (1988) . These inclusions contain visible amounts of a yellow hydrocarbon. Notes: Two or three freezing point depression and homogenization temperature measurements were made on each fluid inclusion utilizing a Fluid Inc-adapted U.S. Geological Survey gas-flow stage; the estimated accuracy of freezing and heating experiments is ±0.5°C and ±0.2°C, respectively; salinities based on freezing point depressions were derived from the data of Bodnar and Vityk (1994) 1 Inclusion type: p = primary, ps = psuedosecondary, s = secondary; 1 = type 1 liquid-rich inclusion (homogenize to liquid), 2 = type 2 vapor-rich inclusion (homogenize to vapor), 3 = type 3 liquid-vapor inclusion with up to six daughter crystals (homogenize to liquid) 2 Te = eutectic temperature 3 Tm = melting temperature; numbers in parentheses = number of measurements 4 Th = homogenization temperature (to liquid phase); number in parentheses = number of measurements 5 Type 3 inclusions containing hematite or possible chalcopyrite 6 Type 3 inclusions containing liquid hydrocarbon to -33ºC) is exhibited by type 1 fluids in fluorite, whereas higher values of T e (-35º to -12ºC) for type 1 fluid inclusions in quartz, sphalerite, calcite, and adularia suggest lower concentrations of dissolved CaCl 2 . The overburden thickness at the time of formation of the ore-forming system is unknown. The presence of stage 2 fluids that formed at T h >400°C with salinities as high as 41 wt percent NaCl equiv suggest a pressure of about 200 bars, using data from Bodnar et al. (1985) . We view this as a minimum pressure, since Ashley and Andrew (1989) reported the presence of fluid inclusions in stage 1 apatite that homogenized at T h >550°C and had salinities >50 wt percent NaCl equiv. Therefore, minimum pressures may have reached 400 bars, consistent with lithostatic conditions (Hedenquist et al., 1998) . Since type 1 fluids in stage 4 sphalerite were not boiling during the time of entrapment, the T h only provides a minimum pressure of entrapment. Using a mean value of T h of 257°C and a salinity of 8 wt percent NaCl equiv for type 1 fluid inclusions in stage 4 sphalerite yields a minimum trapping pressure of 38 bars (Haas, 1971) , which corresponds to a depth of approximately 450 m. However, a more realistic estimate using the range of combined T h (100.2º-323.7ºC) and salinities (2.1-15.6 wt % NaCl equiv) for type 1 fluid inclusions suggests a range of pressures from 1 to 107 bars. At these temperatures and pressures, the rocks will behave in a brittle manner, resulting in a dominantly hydrostatic pressure regime.
Stable Isotope Studies
Silicate-, oxide-, and sulfide-bearing samples were collected from drill core and underground localities for oxygen, hydrogen, and sulfur isotope analyses. Sixteen oxygen isotope analyses were obtained from coarse magnetite, phlogopite, and orthoclase from stage 2, vein quartz from stage 3, and chalcedony from stage 4. Two of the coarse orthoclase samples were also used in the fluid inclusion study. The results of oxygen isotope analyses from this study are combined with 12 oxygen isotope analyses obtained by Ashley and Andrew (1989; Fig. 16, Table 6 ). Using the paragenetic sequence identified herein, the orthoclase, biotite, and magnetite analyzed by Ashley and Andrew (1989) are considered by us to be from stage 2, whereas the muscovite and quartz are from stage 3. Hydrogen isotope compositions of four coarse phlogopite crystals from the Tuvatu lode were also determined. Equations used to determine δ 18 O and δD compositions of water in equilibrium with various minerals are given in Table 6 .
Oxygen isotope compositions for water in equilibrium with stage 2 orthoclase, magnetite, and phlogopite, and stage 3 muscovite and quartz range from 4.4 to 10.2 per mil (mean = 7.3 ± 1.4‰), whereas values of δ 18 O for water in equilibrium with stage 4 quartz range from 7.8 to 11.5 per mil (mean = 9.5 ± 1.1‰). Although there is an increase of 2.2 per mil in the mean of the data from stage 2 and 3 to stage 4 fluids, the large standard deviations suggest that there is no statistical difference between the fluids. The isotopic composition of water in equilibrium with stage 2 phlogopite overlaps with that of arc magmas and subduction-related volcanic vapor as defined by Giggenbach (1992) and Taylor (1992) . They also overlap with δ 18 O (3.0-7.0‰) and δD (-58 to -10‰) values of fluid inclusion waters extracted from stages II, III, and IV quartz from the Emperor deposit (Ahmad et al., 1987) (Fig. 16) .
Forty-seven sulfur isotope analyses were obtained from stages 1 to 4 pyrite and from stage 4 chalcopyrite, sphalerite, and galena (Table 7) . Pyrite from stages 1 and 2 of the Tuvatu and H lodes has δ 34 S values of -5.8 to -3.2 per mil (n = 7) and is considered to be representative of porphyry-style mineralization. In contrast, sulfides from epithermal mineralization (stage 4) possess δ 34 S values that range from -15.3 to -3.6 per mil (mean = -8.1 ± 2.6‰; n = 40).
Temperatures obtained from pyrite-galena and sphaleritegalena pairs (sample 00TV-5, H-lode) using calibrations given in Ohmoto and Rye (1979) are 330º and 244ºC, respectively, and a galena-chalcopyrite pair (sample 99TV-37b, UR1) is 108ºC. The temperature obtained from the sphalerite-galena geothermometer is close to the mean temperature of 257ºC obtained from primary type 4 fluid inclusions in sphalerite.
Discussion

Source of the ore-forming components and conditions of formation of the Tuvatu deposit
Preliminary fluid inclusion data for the porphyry stage at Tuvatu suggest that fluids responsible for this mineralization were high-temperature (>550ºC), high-salinity (>50 wt % NaCl equiv) liquids that likely boiled. Temperatures and salinities declined prior to and during deposition of epithermal Giggenbach (1992) and Taylor (1992) . The histogram is of oxygen isotope compositions of fluids in equilibrium with stage 2 magnetite, orthoclase, and phlogopite, stage 3 muscovite and quartz, and stage 4 quartz. Data used in the histogram are derived from Ashley and Andrews (1989) and Scherbarth (2002) . Shown for comparison are fluids in equilibrium with stage II, III, and IV quartz (solid triangles) from the Emperor deposit, Fiji, from Ahmad et al. (1987) . Abbreviations: MWL = meteoric water line, SMOW = standard mean ocean water.
gold from a nonboiling, moderately saline fluid (~ 8 wt % NaCl equiv) between about 80°and 330°C (mean = 257°C). These results are supported by fluid inclusion data from four samples of stage 1 apatite, stage 2 orthoclase, and stage 3 quartz, in an unpublished CSIRO report from Ashley and Andrew (1989) . The apparent transition from magmatic to epithermal conditions was likely accompanied by a change from a lithostatic to a hydrostatic pressure regime. Calculated δ 18 O and δD values for water in equilibrium with phlogopite from the porphyry-style mineralization at Tuvatu are consistent with an arc magmatic source or subductionrelated volcanic vapor. The relatively high δ 18 O and δD values may also indicate enrichment of the heavy isotope in the residual liquid of a degassed melt. A contribution from meteoric water cannot be assessed owing to the lack of δD data for stage 4 minerals. However, an increase in the δ 18 O composition of fluids from stage 2 to 4, with stage 4 values ranging from 7.8 to 11.5 per mil, suggests that the involvement of meteoric water and the degree of water-rock interaction was minimal. Stage 3 and 4 fluids are within the range of δ 18 O compositions exhibited by waters in equilibrium with arc magmas or subduction-related volcanic vapor.
Sedimentary rocks are not present in the immediate vicinity of the Tuvatu deposit, although the Nadele Breccia, 2 km southwest of Tuvatu, contains minor siltstone, sandstone, and limestone (Colley and Flint, 1995) . However, these rocks are devoid of sulfides and are unlikely to have contributed sulfur or metals to the ore-forming system at Tuvatu. The spatial association of porphyry Cu mineralization (Kingston prospect) and gold telluride mineralization (Tuvatu and Banana Creek deposits) with the Navilawa Monzonite makes this intrusion the most likely source of sulfur and metals. The isotopic composition of sulfides (δ 34 S = -5.8 to -3.2‰; mean = -4.9‰) in stages 1 and 2 porphyry-style mineralization overlaps with the range of values normally ascribed to magmatic sulfur (Ohmoto, 1986) and that associated with an early porphyrystyle event (δ 34 S = -5.5 to +6.5‰) from typical porphyry copper deposits (Richards and Kerrich, 1993) . If phase separation of the ore fluid took place during stages 1 and 2, the greater volatility of H2S relative to oxidized S species, such as Notes: Silicate and oxide samples were analyzed for oxygen using the BrF5 extraction technique described by Clayton and Mayeda (1963) ; the hydrogen isotope analyses of phlogopite were determined by a method similar to that described by Vennemann and O'Neil (1993) , where a Zn reagent is used for the quantitative conversion of H2O to H2; both the oxygen and hydrogen samples were analyzed with a Finnigan-MAT 252 stable isotope ratio mass spectrometer at Indiana University and their isotopic ratios are reported in the standard per mil notation relative to SMOW; the analytical precision for δ 18 O is ±0.05 per mil and ±1 per mil for δD; fluid values for stages 2, 3, and 4 are calculated based on mean Th values of 310°, 300°, and 257°C of orthoclase, quartz, and sphalerite, respectively 1 Based on quartz-water oxygen isotope fractionation equation of Matsuhisa et al. (1979) 2 Based on feldspar-water, phlogopite-water and muscovite-water oxygen isotope fractionation equations of Zheng (1993a, b) 3 Based on magnetite-water oxygen isotope fractionation equation of Bottinga and Javoy (1973) 4 Based on phlogopite-water hydrogen isotope fractionation equation of Suzuoki and Epstein (1976) 5 Ashley and Andrew (1989) SO 2 , will cause an increase in f O 2 in the residual liquid and could produce the lower sulfur isotope values. Further phase separation during stage 3 could also account for the range of δ 34 S of sulfides of -15.3 to -3.6 per mil (mean = -8.1‰) for stages 3 and 4. The fact that the early-and late-stage sulfur isotope values overlap supports the concept of a continuum between fluid sources for the porphyry and epithermal stages of mineralization. Low δ 34 S values of the Tuvatu sulfides could also result from the direct addition of magmatic volatiles to the hydrothermal fluid. At temperatures below 400°C, SO2 will disproportionate from volcanic gases into reduced and oxidized species and ultimately result in the sulfide becoming enriched in 32 S relative to H 2 SO 4 (Ohmoto and Rye, 1979) . Disproportionation of magmatic SO 2 is common in epithermal gold deposits (e.g., Arribas, 1995) . Whether this process can generate δ 34 S values in sulfides as low as -15.3 and -20.3 per mil in the Tuvatu and Emperor deposits, respectively, is uncertain but a direct addition of magmatic volatiles to the hydrothermal fluids that formed these deposits cannot be ruled out.
In any case, the low δ 34 S values of sulfides at Tuvatu suggest a shift to higher f O 2 conditions during the evolution of the oreforming system (Ohmoto, 1972) . This interpretation is supported by the transition from an assemblage dominated by pyrite and magnetite in the porphyry stage to an assemblage of pyrite and hematite in the epithermal stage (Fig. 11) . Chlorite in stage 3 gives way to hematite in stage 4 which also 154 SCHERBARTH AND SPRY 0361-0128/98/000/000-00 $6.00 154 Notes: T (°C) calculated from Ohmoto and Rye (1970) : 1 = pyrite-galena: T = (1.01 × 10 3 )/(δpy-ga) 1/2 ; 2 = sphalerite-galena: T = (0.85 × 103)/(δsph-ga) 1/2 ; and Campbell and Larson (1998): 3 = galena-chalcopyrite: T = (-0.58 × 10 6 )/(δgal-cp) 1/2 West 1, West 2, West 4 are the Plant Site lodes shown in Figure 4 ; the location of the Nubunidike and Davui lodes are shown in Figure 3 Sulfide separates were cryogenically converted SO2 by combustion with vanadium pentoxide, utilizing the method of Yanagisawa and Sakai (1983) reflects a change to higher f O 2 conditions as the ore fluids evolved. Spry and Scherbarth (2002) showed that the assemblage calaverite-roscoelite-karelianite, which is present in stage 4, forms under oxidizing conditions near the hematitemagnetite buffer. This assemblage also requires that the stage 4 ore fluid was near neutral to slightly acid. Marked variations in values of δ 34 S with time may also be the result of an increase in pH. For example, an effervescing CO 2 -rich ore fluid could also produce an increase in pH; but, the absence of any visible CO 2 in fluid inclusions in Tuvatu ore, gangue, and alteration minerals suggests that this process was not important. Furthermore, the presence of K-feldspar in stage 2 and sericite and muscovite in stage 4 suggests that the pH of the ore-forming fluid decreased. Thermodynamic modeling by Cooke and McPhail (2001) predicts that tellurium species, Te 2 (g) and H 2 Te(g), are carried in the vapor phase and then condense to react with aqueous gold-bearing species Au(HS) -2 or Au(HS). However, it is unclear whether aqueous telluro-gold species such as Au (Te 2 ) -, Au 2 (Te 2 ) 0 , and Au(Te 2 ) 2 3- (Seward, 1973) , Au thiotelluride (Starling et al., 1989) , or Au(HTe) -2 (Cooke and McPhail, 2001) were precursor complexes to gold-rich tellurides in the Tuvatu deposit. Textural relationships among tellurides at Tuvatu suggest that, in general, gold-rich tellurides (e.g., calaverite) formed prior to silver-rich tellurides (e.g., sylvanite and hessite) although they all formed during stage 4. The stability of calaverite and nonprecious metal tellurides in the Tuvatu deposit are plotted in log f S 2 -log f Te 2 space at 250ºC (derived from approximate temperature of formation of coexisting stage 4 sphalerite; Fig. 17 ). The range of conditions indicated by calaverite-sphalerite assemblages (i.e., log f S 2 = -13.3 to -11.3 and log f Te 2 = -12.9 and -7.8) are based on equilibrium assemblages involving pyrite, calaverite, native gold, coloradoite, galena, and altaite, and the range of compositions of sphalerite (1.1-10.5 mol % FeS) in equilibrium with pyrite. Note that the assemblages petzitesylvanite and petzite-sylvanite-hessite, which have been identified at the Tuvatu deposit, are unstable at temperatures >170ºC and likely formed from reactions involving the breakdown of the metastable γ-or χ-phases of Cabri (1965) .
Although Au contents of intrusive and extrusive rocks in the Tuvatu area are not known, Ag, V, and Te data are available (Gill and Whelan, 1989) . Geochemical studies of the Navilawa Monzonite (this study) and its extrusive equivalent, the Sabeto Volcanics, have V contents of 280 to 387 ppm (mean = 317 ppm V) and 292 to 355 ppm (mean = 329 ppm V), respectively, and basaltic andesite dikes which crosscut the Navilawa Monzonite but predate hydrothermal mineralization contain 235 to 465 ppm V (mean = 356 ppm V). These V concentrations are comparable to those of intrusive and extrusive rocks spatially related to other porphyry and/or epithermal systems, such as Emperor (146-259 ppm V, mean = 204 ppm: Rogers and Setterfield, 1994) , the Gies deposit, Montana (11-208 ppm V, mean = 91 ppm: Zhang and Spry, 1994) , and the Porgera deposit, Papua New Guinea (197-338 ppm V, mean = 259 ppm: Richards, 1990) where roscoelite is present in the ore-forming stage. At Tuvatu, magnetite and phlogopite grains contain up to 0.69 and up to 0.49 wt percent V 2 O 3 , respectively, and are the likely hosts of vanadium. Similar compositions have been reported for magnetite from alkaline intrusions intimately associated with the Golden Sunlight (Zhang and Spry, 1994) and Porgera (Richards, 1990) deposits. The Navilawa Monzonite contains 0.02 to 0.65 ppm Te (mean = 0.11 ppm) and up to 2.5 ppm Ag, and basaltic-andesite dikes contain 0.02 to 1.17 ppm Te (mean = 0.28 ppm) and up to 2.8 ppm Ag. Although we are unable to determine the volumes of the Navilawa Monzonite and the basaltic-andesite dikes, and thus their Ag, V, and Te budgets, we speculate that the concentrations of these elements in the Navilawa Monzonite are sufficient to account for the Ag, Te, and V in the Tuvatu deposit.
Comparison between the Tuvatu and Emperor ore systems
Gold reserves for the Tuvatu and the Emperor gold deposits are different by more than an order of magnitude; however, they share several geological, geochemical, and geophysical attributes. These similarities suggest a common origin for the two mineralizing systems. Both are associated with prominent regional-scale gravity anomalies along the Viti-Levu lineament. The Emperor deposit occurs along the margins of the Tavua volcano whereas the Tuvatu deposit is considered to have formed adjacent to an eroded shoshonite volcano (Colley and Flint, 1995) . The deposits are spatially related to monzonite intrusive and extrusive rocks of similar composition (e.g., Fig. 10 ) and of almost identical age (~5.4-4.6 Ma). A 3.89 ± 0.05 Ma 40 Ar-39 Ar age for porphyryand epithermal-style mineralization at the Emperor deposit is similar to a U-Th-He age of 3.5 ± 0.1 Ma of apatite in porphyry-style mineralization at the Tuvatu deposit. Both FIG. 17 . Log fS 2 vs. log fTe 2 diagram showing the approximate conditions (shaded area) for stage 4 mineralization at 250°C. Equilibria were calculated using data listed in Afifi et al. (1988). deposits exhibit a genetic relationship between low-grade porphyry Cu mineralization and epithermal gold telluride mineralization, with the latter forming in flatmakes, steep faults, shatter zones, stockworks, and hydrothermal breccias in both deposits. These deposits also possess similar alteration styles, pyrite morphologies (some with a high As content), paragenetic sequences, and telluride mineralogy.
Although fluids responsible for porphyry-style mineralization at both places were likely boiling, those associated with the porphyry-style mineralization at Emperor were cooler (~350°C) and generally less saline (up to ~15 wt % NaCl equiv) than those associated with porphyry-style mineralization in the Tuvatu and H lodes in the Tuvatu deposit (Eaton and Setterfield, 1993; Begg et al., 1997) . Ore-bearing fluids cooled progressively from early to late stages in both deposits, with the initial deposition of tellurides at approximately 250°C. At the Emperor deposit, the temperature of the ore fluids further decreased from 250°to 170°C as salinities decreased from about 13 to 5 wt percent NaCl equiv (Ahmad et al., 1987; Begg et al., 1997) .
Both deposits are characterized by the association Au-AgTe-V in which precious metal tellurides are intergrown with vanadium minerals. At Emperor and Tuvatu, calaverite is intergrown with roscoelite but it is also intergrown with karelianite, nolanite, schreyerite, vanadian rutile, and an unnamed vanadian silicate [VSiO 3 (OH)] in the Tuvatu deposit. Goldrich tellurides likely preceded the deposition of silver-rich tellurides in both deposits. Ahmad et al. (1987) proposed that oxygen and hydrogen isotope data from the Emperor deposit indicate possible contributions of magmatic water, seawater, and meteoric waters. However, Begg (1996) considered that the Emperor porphyry and epithermal systems formed largely from fluids derived from a degassed magma with probable contributions from circulating meteoric waters in varying degrees of partial isotopic equilibrium with local volcanic rocks. Calculated oxygen and hydrogen isotope compositions of ore fluids from the Emperor and Tuvatu deposits both overlap the range of compositions of waters exsolved from arc magmas. Ahmad et al. (1987) reported δ 34 S values of -15.3 to -4.2 per mil for nine pyrite samples and one galena sample from early to late hydrothermal stages at Emperor and indicated that the isotopic compositions shifted to lower values with time. Begg (1996) reported δ 34 S values of -6.5 to +3.9 per mil from porphyry-stage sulfides and -20.0 to -0.9 per mil from epithermal-stage sulfides. The range of values of δ 34 S of sulfides from Tuvatu (-15.3 to -3.2‰) is similar to that of Emperor sulfides (-20.3 to +3.9‰). The source of sulfur for sulfides in the Tuvatu deposit was most likely the Navilawa Monzonite, and local monzonitic stocks were probably also the source of sulfur for the Emperor deposit (Eaton and Setterfield, 1993; Begg, 1996) . These rocks were also the likely sources for other ore-forming components including Au, Ag, Cu, V, and Te.
Implications for exploration
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